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Di- and trinitrophenide anions generated by decarboxylation of the anions of 2,4-, 3,5-, and
2,6-dinitrobenzoic acids and 1,3,5-trinitrobenzoic acid in the medium-pressure region of an
electrospray ion source react locally with various C-H acids delivered in the form of vapors
mixed with the curtain gas, yielding anionic -adducts. Positive results were obtained for
aliphatic aldehydes, ketones, esters and nitriles. All three dinitrobenzoic acids bearing NO2
groups in the meta position to each other gave the same -adducts which can be rationalized
by a reaction sequence including proton transfer from the C-H acid to the nitrophenide anion
and subsequent formation of the -adduct by the reaction of 1,3-dinitrobenzene with the
carbanion within the ion-molecule complex. It was found that such a reaction is possible only
for C-H acids with a gas-phase acidity lying within a narrow, strictly defined range whose
location on the acidity scale depends on the acidity of the nitroarene. The -adduct formed in
the reaction of the 2,4-dinitrophenide anion with CH2Cl2 undergoes rapid HCl elimination
yielding an anion with the same composition as that produced by the Vicarious Nucleophilic
Substitution of hydrogen reaction but with a different structure. (J Am Soc Mass Spectrom
2004, 15, 927–933) © 2004 American Society for Mass SpectrometryAnionic -adducts (known also as Meisenheimeror Jackson-Meisenheimer complexes), formedby the addition of various nucleophiles to aro-
matic nitrocompounds, are very important intermedi-
ates in aromatic nucleophilic substitution reactions
(Scheme 1) [1, 2]. On the other hand, -adducts formed
at carbon atoms bearing hydrogen are intermediates in
the range of aromatic nucleophilic substitution of hy-
drogen reactions [3–5], vicarious nucleophilic substitu-
tion (VNS) being the most useful among them [6, 7].
Anionic -adducts of nitrocompounds formed in
solution have been studied by various methods [1] but
there are only a few reports dealing with their gas-
phase chemistry. Yinon et al. [8] published EI and CI
(both positive and negative) mass spectra of the very
stable hydride -adduct of 2,4,6-trinitrotoluene (in the
form of the tetramethylammonium salt). These authors
analyzed fragmentation patterns of this adduct under
different ionization conditions but they were unable to
observe the m/z 228 negative ion corresponding to the
-adduct under any conditions. Bowie and Stapleton [9]
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doi:10.1016/jasms.2004.03.012studied the gas-phase reactions of o-, m-, and p-dinitro-
benzenes with NO2
 and Cl ions using the ICR tech-
nique. They observed, among others, the formation of
M  Cl and M  NO2
 adducts and for some of them
suggested the structures of respective -adducts al-
though no supporting evidence was given.
The participation of anionic -adducts in gas-phase
aromatic nucleophilic substitution reactions has been
postulated by many researchers [10–16]. However, the
presence of these species has been deduced only on the
basis of the composition of reaction products because
the postulated -adducts were not stable enough with
respect to decomposition under the applied experimen-
tal conditions to permit the recording of their MS
spectra. It is also notable that in none of these studies
have aromatic nitrocompounds been used as the elec-
trophilic reagents.
In a recent report we described a method for the
generation of substituted phenide anions from the ap-
propriate benzoic acids using an electrospray (ESI) ion
source [17]. We also showed that phenide ions selected
using the first analyzer of a triple quadrupole mass
spectrometer (Q1) can be reacted with gaseous reagents
introduced into the collision cell (Q2) with the collision
gas (Figure 1).
In one such reaction we found that the anion pro-r Inc. Received January 12, 2004
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forms an adduct with acetone. In this experiment we
were unable to prove the structure of the adduct
because it was already formed in the collision cell (Q2),
so no further collision-induced dissociation (CID) was
possible. This prompted us to devise a method for
generating -adducts in the medium-pressure section
of the ESI source (see Figure 1) which should make it
possible to subject them to CID fragmentation in Q2
and, consequently, obtain information about their struc-
ture. We have already demonstrated that anionic -ad-
ducts formed in solution can be transferred to the gas
phase using an electrospray ionization method [18].
Therefore, it should be possible to compare the CID
spectra of the -adducts of known structure formed in
solution with the spectra of the analogous adducts
formed in the gas phase. The preliminary results of this
work are described here.
Experimental
All experiments were performed using an API 365 triple
quadrupole mass spectrometer (Applied Biosystems,
Foster City, CA, USA) equipped with a TurboIonSpray
electrospray ion source. This source was operated in a
standard ESI mode, i.e., without additional drying gas.
Reagents and solvents (HPLC grade) were obtained
Scheme 1. Formation of anionic -adducts of 1,3-dinitrobenzene
derivatives with substituent X in Position 4. Depending on X,
-adduct formed in Position 4 can undergo elimination of X,
yielding the SNAr substitution product.
Figure 1. Diagram of the API 365 mass spectrom
of the ESI ion source are transferred to the mediu
fragmentation and subsequent reactions with gafrom commercial suppliers or were synthesized accord-
ing to known procedures.
Nitrobenzoic acids were infused into the ESI ion
source as approximately 1  104 M solutions in MeOH
at a rate of 5–10 l/min. Ion source parameters were set
as follows: capillary voltage 4 kV, nebulizer gas 12
and curtain gas 8 (arbitrary units, N2 in both cases). The
voltages for the entrance ion optics were optimized for
the maximum production and transmission of the ions
of interest. Typical declustering potential (DP, also
called skimmer potential) values were between 20 and
40 V, and focusing potential (FP) values between 180
and 300 V.
Saturation of the curtain gas with the reagent vapors
was achieved by injecting liquid reagent, using a T-
connector, directly into the stream of nitrogen with a
syringe pump at a flow rate of 5 l/min. This method
has been validated in our laboratory [17], as well as by
the Ve´key group [19, 20].
Density functional theory (DFT) calculations were
performed using a hybrid B3LYP functional on a
B3LYP/6-311G(d,p)//B3LYP/6-31G(d) level with a
Gaussian 98 program package [21]. Proton affinities
(PA) are given in kcal/mol (1 kcal/mol  4.184 kJ/
mol). For brevity, PA values of the conjugate bases of
C-H acids will be denoted as PACB.
Results and Discussion
In the first series of experiments we attempted to
generate the -adduct of 1,3-dinitrobenzene (mDNB)
with acetone by injecting a methanolic solution of
2,4-dinitrobenzoic acid into an ESI ion source while
simultaneously saturating the curtain gas with acetone.
As anticipated, the m/z 225 ion, corresponding to the
respective -adduct, was observed in the standard,
negative ion mass spectrum (Figure 2a). The CID spec-
trum of this ion was found to be identical to the
spectrum of the -adduct of mDNB and acetone formed
in the presence of MeOK in THF (Figure 2b and c), both
registering at the same collision energy. This result
confirmed that, in the gas-phase reaction between the
2,4-dinitrophenide anion and acetone, a -adduct is
formed with the same structure as the adduct formed in
. Ions formed in the atmospheric pressure region
essure zone of the source in which they undergo
s reagent delivered with the curtain gas.eter
m-pr
seou
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would give such similar spectra.
-Adduct formation during the experiment de-
scribed above can be rationalized by the sequence of
reactions presented in Scheme 2. The 2,4-dinitrobenzo-
ate anion generated in the atmospheric pressure region
of the ESI ion source is transferred into the medium-
pressure zone between the entrance orifice and the
skimmer (Figure 1) where it loses CO2 upon collisions
with the curtain gas molecules. The resulting 2,4-dini-
trophenide anion reacts with acetone vapor introduced
with the curtain gas. The crucial step of this reaction
consists of the proton transfer from the acetone mole-
cule to the 2,4-dinitrophenide anion resulting in the
formation of an ion-neutral complex of mDNB and the
acetone enolate anion. Providing that this complex is
sufficiently stable, reorganization of its constituents can
take place leading finally to the highly stabilized -ad-
duct anion. Formation of the theoretically possible
isomeric adduct in Position 2 is rather unlikely because
liquid-phase experiments show that adducts in Position
4 are thermodynamically favored.
The structure of the -adduct shown in Scheme 2
corresponds to the so-called C-adduct of the acetone
Figure 2. (a) Spectrum obtained by infusion of
ESI ion source and addition of acetone to the cu
225) from experiment (a); (c) CID spectrum of th
mDNB with acetone in the presence of MeOK in
DNB—2,4-dinitrophenide anion, DNBA—2,4
Scheme 2. Mechanism of -adduct formation in the reaction
between the 2,4-dinitrophenide anion and acetone in the medium-
pressure zone of an ESI ion source.enolate anion. This is, however, an ambident ion, so in
principle, it can also form O-adducts. For many years
only C-adducts of the enolate anions of ketones had
been observed in liquid-phase reactions, until in 1996
Buncel et al. [22] proved by NMR measurements that at
low temperatures O-adducts predominate, but at room
temperature they rearrange completely to the respec-
tive C-adducts. Due to the identity of CID spectra of the
-adducts generated in solution and in the gas phase
(Figure 2b and c) we suggest that in a gas phase,
C-adducts are also formed. However, the formation of
some fragment ions (e.g., m/z 153) is difficult to ratio-
nalize taking into account only the C-adduct structure,
so gas-phase rearrangement from the C- to the O-
adduct ion prior to fragmentation cannot be excluded.
The formation of O-adducts of the enolate anions in the
gas phase has been already postulated in some nucleo-
philic displacement reactions [16]. This problem obvi-
ously requires further investigation and will be the
subject of a separate study.
To make possible the sequence of reactions shown in
Scheme 2, leading to a -adduct anion stable enough to
be recorded in the mass spectrum, several requirements
have to be fulfilled. The three that appear to be most
important are: (1) the proton affinity (PA) difference
between the nitrophenide anion and the nucleophilic
reagent anion (e.g., 2,4-dinitrophenide anion and ace-
tone enolate anion in the example given above); (2) the
stabilization energy of the -adduct anion compared to
the energies of separated nitroarene and nucleophile;
(3) the stability of the gas-phase -adduct anion against
fragmentation reactions.
Proton affinities of many simple carbanions and
other nucleophilic reagents can be found in the NIST
database available on the Internet [23]. Unfortunately,
there are no data concerning the PA values of the
phenide anions generated by proton abstraction from
the different positions of mDNB. We have found that
very reliable PA values of various phenide anions with
different substituents can be calculated using the B3LYP
eOH solution of 2,4-dinitrobenzoic acid into the
gas; (b) CID spectrum of the -adduct ion (m/z
dduct ion (m/z 225) obtained by the reaction of
solution [18]. Abbreviations: —-adduct ion,
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6-311G(d,p)//B3LYP/6-31G(d) level. Our calcula-
tions show that in mDNB the most acidic is Position 2
(PACB  360 kcal/mol), the next is Position 4 (362) and
the least acidic is Position 5 (365). Comparison of the
2,4-dinitrophenide anion PA value (362) with that of the
acetone enolate anion (369) shows that the proton
transfer from acetone to 2,4-dinitrophenide anion is an
endothermic process with an enthalpy of about 7 kcal/
mol. It is well known that the interaction between an
anion and a neutral molecule in a gas phase is typically
stabilized by an energy of 10 to 18 kcal/mol [24, 25],
which fully compensates the endothermicity of the
proton transfer in this case. It should also be noted that
the endothermic proton transfer reaction “cools down”
the resulting ion-neutral complex giving it enough time
for the reorganization finally leading to the -adduct.
One might anticipate that when the acidity of the
gaseous reagent is too high, the ion-neutral complex
will decompose before the formation of the -adduct
and the only result of the reaction will be the formation
of the anion of the reagent used. On the other hand,
reagents for which the PACB is higher than the PA of
2,4-dinitrophenide anion by more than 10–18 kcal/mol
should not undergo proton transfer. In conclusion, it is
predicted that the formation of the -adduct will only
be possible for reagents with PACB values lying in a
rather narrow range compared to the PA of the nitro-
phenide anion.
To test this hypothesis and to check the scope of the
-adduct formation reaction we performed a number of
experiments using 2,4-dinitrobenzoic acid and different
C-H acids. The results are presented in Table 1. As
expected, -adducts were formed with reagents whose
conjugate bases are more basic than the 2,4-dinitro-
phenide anion by 3.5 to 13 kcal/mol. In the last case
(CH2Cl2) the -adduct signal is relatively weak, but this
may be the result of further fragmentation of the adduct
(vide infra). Toluene, which is 18 kcal/mol less acidic
than mDNB at Position 4 gave no reaction. At the other
Table 1. Results of the reactions between the 2,4-
dinitrophenide anion generated from 2,4-dinitrobenzoic acid




1 CHCl3 5 A
2 CH3-CH2-CHO 3.5 
4 Cyclopentanone 6 
5 CH3-CO-CH3 7 
6 CH3-COO-C2H5 7 
7 CH3-CN 11 
8 CH2Cl2 13 
9 Ph-CH3 18 NR
Symbols used in the table: PAR–proton affinity of the reagent’s conju-
gate base taken from NIST database [23] (in the case when there were
more than one value available the most reliable data were taken and
averaged); PAN–calculated proton affinity of 2,4-dinitrophenide anion
(362 kcal/mol); –formation of -adduct; NR–no reaction observed,
AOC-H acid anion observed as the only product.end of the acidity scale, chloroform, which is more
acidic than mDNB at Position 4, by 5 kcal/mol, gave the
trichloromethyl anion as the only ionic product. These
results strongly support the reaction sequence given in
Scheme 2 and can serve as guidelines for designing
further experiments.
Reagents with lower PACB values are expected to
react with more acidic nitroarenes. In a second series of
experiments we tested the reactions of the 2,4,6-trinitro-
phenide anion generated from 2,4,6-trinitrobenzoic
acid. The PA of 2,4,6-trinitrophenide anion is not
known but, according to our calculations, it should be
about 344 kcal/mol, so -adduct formation should be
expected for reagents with PACB in the range between
344 and, at least, 356 kcal/mol. Indeed, intense peaks
confirming the formation of the respective -adducts
were observed in the reactions with acetylacetone
(PACB  344 kcal/mol), ethyl acetoacetate (PACB not
known), nitromethane (357), and chloroform (357). As
expected, no reaction took place with acetone (369) and
other less acidic reagents.
Two representative spectra of 1,3,5-trinitrobenzene
(TNB) -adducts with acetylacetone and chloroform are
shown in Figure 3. In both spectra a similar pattern of
peaks is observed. The presence of m/z 230 and 244
peaks can be rationalized taking into account that: (1)
2,4,6-trinitrobenzoic acid undergoes decarboxylation
very easily yielding 1,3,5-trinitrobenzene which is al-
ways a contaminant of this acid; (2) TNB is a very
strong electrophile and can react with water and meth-
anol yielding the appropriate -adducts:
TNB 2ROH^ TNB-OR  ROH2
 (R H, Me)
with the masses given above, and (3) trinitrobenzoic
acid was infused in a methanolic solution which also
contained some water (trinitrobenzoic acid is always
stored wet to avoid explosion). This rationalization has
been proved by acquiring an almost identical ESI()
spectrum for the MeOH–H2O solution of TNB. The
results presented here are preliminary and it should be
possible to achieve better abundance of the -adduct
ion of interest by careful selection of the solvent and ion
source conditions.
It is worth mentioning that in the spectrum of the
products of the reaction of TNB with acetylacetone
(Figure 3a) the anion of the latter is also observed. This
result is not surprising because the acidities of TNB and
acetylacetone are roughly the same. The acidity of
chloroform is 13 kcal/mol lower, so practically no CCl3

ions are observed.
Providing that the reaction sequence shown in
Scheme 2 is correct, the same -adduct should result
from the reactions of all three dinitrobenzoic acids
bearing NO2 groups in a meta position to each other. An
additional requirement is that the proton affinities of
the reagents’ conjugate bases are not lower than 365
kcal/mol (PA of 3,5-dinitrophenide anion) and not
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phenide anion  13 kcal/mol). The reactions of dinitro-
phenide anions generated from 2,4-, 2,6-, and 3,5-
dinitrobenzoic acids with acetone, which fulfill the
Figure 3. Spectra obtained by infusion of the MeOH solution of
2,4,6-trinitrobenzoic acid into the ESI ion source and addition of:
(a) acetylacetone, (b) chloroform to the curtain gas. Abbreviations:
—-adduct ion, TNB—2,4,6-trinitrophenide anion, TNBA—
2,4,6-trinitrobenzoic acid anion, TNBHO and TNBMeO—
-adducts of hydroxide and methoxide anions to 1,3,5-trinitroben-
zene, F—[TNB  NO] fragment ion.
Figure 4. (a) Spectrum obtained by infusion of
ESI ion source and addition of CH2Cl2 to the cur
ion (m/z 215) from experiment (a); (c) CID spectru
chloride. Abbreviations: —-adduct ion, [ 
the -adduct, DNB—2,4-dinitrophenide anion,conditions given above (PACB  369 kcal/mol), all gave
positive results. Moreover, CID spectra of the m/z 225
ion corresponding to the expected -adduct in all three
cases were identical within the experimental error lim-
its.
Some interesting results were obtained when CH2Cl2
(PACB  375 kcal/mol) was used as the reagent. A
proton transfer reaction followed by the formation of
the -adduct was observed in the case of 3,5- and
2,4-dinitrobenzoic acids, but no reaction took place with
the 2,6-dinitro isomer. Looking at the PA differences
(10, 13, and 15 kcal/mol, respectively) it can be seen that
in the case of this reaction there is a border line between
a 13 and 15 kcal/mol difference in PA. This result
provides a relatively good estimation of the upper limit
of the PA difference required for proton transfer and
formation of the -adduct within the ion-neutral
complex.
The next series of experiments was performed using
reagents bearing a leaving group. As mentioned in the
introduction, when a nucleophilic reagent with the
appropriate leaving group reacts with a nitroarene in
the presence of a strong base, a VNS of hydrogen
reaction can take place according to the equation given
in Scheme 3.
Looking at the spectrum recorded during the reac-
tion of 2,4-dinitrophenide anion with CH2Cl2 we ob-
served, that together with the peak corresponding to
the -adduct (m/z 251), a peak with m/z 215 and an
isotope pattern characteristic for one chlorine atom also
appears (Figure 4a). This result can be rationalized by
Scheme 3. Mechanism of the Vicarious Nucleophilic Substitu-
tion of hydrogen. Substitution in a para position is also possible.
eOH solution of 2,4-dinitrobenzoic acid into the
as; (b) CID spectrum of the [-adduct  HCl]
the [MH] ion (m/z 215) of 2,4-dinitrobenzyl
—ion resulting from the HCl elimination from
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according to the VNS reaction scheme (Scheme 4).
To prove this hypothesis we recorded a CID spec-
trum of the 2,4-dinitrobenzyl chloride anion, which
should be a product of the VNS reaction. However, this
spectrum was completely different from that of the m/z
215 ion observed in the reaction performed in a mass
spectrometer (Figure 4b and c). Therefore, HCl elimina-
tion from the -adduct in a gas phase proceeds accord-
ing to a different mechanism, This in fact is not surpris-
ing, taking into account that the elimination of HCl in
the VNS reaction is a bimolecular process requiring a
strong base. Experiments which should help to estab-
lish the structure of the gas-phase HCl elimination
product are currently being performed and their results
will be published upon completion.
Elimination of an HCl molecule from the -adduct is
also a common process for other reagents containing a
chlorine atom at the carbanionic center. We were able to
detect peaks representing both the -adduct and the
product of the HCl elimination in the reactions of
2,4-dinitrophenide anion with chloroacetonitrile and
methyl chloroacetate. In both these cases, the CID spectra
for the HCl elimination products are also different from
those of the respective VNS reaction products.
Finally, we attempted to synthesize in the gas phase
a -adduct of nitrobenzene, starting from 2- and 4-ni-
trobenzoic acids, but we obtained no positive results. It
is well known that nitrobenzene -adducts are poorly
stabilized compared to the adducts of mDNB and TNB.
Therefore, it is possible that even after selecting the
reagent with the correct acidity, the ion-neutral com-
plex resulting from the proton transfer is too weakly
bonded to allow enough time for the formation of the
adduct. Another alternative is very fast fragmentation
of the -adduct, making its lifetime too short to detect
this ion.
Conclusions
The results described here support the following con-
clusions:
1. Phenide anions generated from the appropriately
substituted benzoic acids in the medium-pressure
zone of an ESI ion source can be reacted with various
reagents delivered in the curtain gas. Even com-
pounds with relatively high-boiling points (up to
Scheme 4. HCl elimination from the -adduct of CHCl2
 anion to
mDNB in a gas phase. VNS reaction product is not formed in this
case.180 °C at atmospheric pressure) can be introduced in
this way.
2. Di- and trinitrophenide anions generated from the
anions of 2,4-, 2,6-, and 3,5-dinitrobenzoic acids and
1,3,5-trinitrobenzoic acid react with many aldehydes,
ketones, esters, nitriles, and haloalkanes in the gas
phase, forming -adducts. It is worth noting that
many of these -adducts cannot be obtained in a
liquid phase due to the fast side reactions.
3. -Adducts generated from the C-H acids bearing a
halogen atom X at the  position undergo HX
elimination upon CID but the product ions have
structures different from those of the VNS of hydro-
gen products of the analogous liquid-phase reac-
tions.
4. The method described here permits easy access to a
broad range of gas-phase anionic -adducts which
can be studied using the full assortment of mass
spectrometry methods.
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